Albizzia saman, a leguminous plant, is known to open its leaves in the daytime and sleep at night with the leaves folded. -D-Glucopyranosyl 12-hydroxyjasmonate (1) was isolated as an endogenous chemical factor controlling this leafmovement. We developed a concise synthesis of optically pure (À)-1 in 9 steps from (+)-2 with a total yield of 58%. Similarly, such analogs of 1 as epi-LCF (13), enantiomer (14), and galactoside (19) were synthesized for a structure activity relationship (SAR) study. The results of this SAR study strongly suggest that the mechanism for the leaf-closing activity of 1 would be different from that of methyl jasmonate, and also suggest the involvement of a different kind of target protein which recognizes the trans-isomer of a jasmonate derivative.
A leguminous plant opens its leaves in the daytime and sleeps at night with the leaves folded. 1) This biological phenomenon is known as nyctinasty. Electrophysiological studies and molecular biological studies of the channels related to nyctinasty have been carried out by Satter 2, 3) and Moran, [4] [5] [6] [7] using pulvini or motor cells of Albizzia saman, a leguminous plant. We have previously found that nyctinastic plants had an endogenous leaf-movement factor that could control nyctinasty. 8, 9) Potassium -D-glucopyranosyl 12-hydroxyjasmonate (1) was isolated as the leaf-closing factor (LCF) for genus Albizzia 10) (Fig. 1) . We have studied the mechanism for nyctinastic leafmovement by using LCF as a molecular probe. 11) We have reported in previous papers the synthesis of LCF 1. 11, 12) However, the low yield prevented the structure-activity relationship (SAR) to be studied by using 1. We report in this paper an improved synthesis of 1 and related compounds, including enantiomer 14, and SAR studies using them.
Results and Discussion
Optical resolution of commercially available racemic methyl jasmonate was carried out according to the previously reported method 13, 14) to give optically pure methyl jasmonate. Synthetic intermediates (+)-2 (>99:5% ee, ½ D 28 +86.9) and (À)-2 (>99:5% ee, ½ D 29 À86:8) were used in the subsequent syntheses. The synthesis of (À)-methyl 12-hydroxyjasmonate ((À)-9), a natural-type aglycon of 1, from optically pure alcohol (+)-2 is shown in Scheme 1. Alcohol (+)-2 was protected with TBSCl and, following ozonolysis, gave aldehyde (+)-4. Wittig reaction of (+)-4 under the saltfree condition then predominantly gave (Z )-isomer (+)-6. This Wittig reaction resulted in a low yield in THF-DMF, 15) and addition of 18-crown-6 to achieve the saltfree condition 16, 17) selectively gave the (Z )-isomer in a 20% yield with 49% of recovered (+)-4 ( Table 1 ). The addition of an excess amount of reagents then predominantly gave (Z )-isomer (+)-6 in a 95% yield (Table 1) . Resulting (+)-6 was deprotected by TBAF, oxidized by Dess-Martin periodinane, and deprotected by TsOH to give (À)-9. The deprotection by TsOH induced epimerization at the -position (7-position) to give the ciscongener in an up to 8% yield. Resulting trans-isomer (À)-8 could be easily separated from its cis-congener by column chromatography. Enantiomeric aglycon (+)-9 was also synthesized as shown in Scheme 1.
An enantio pair of aglycons, (À)-9 and (+)-9, were used for further syntheses. Königs-Knorr glycosylation of (À)-9 with benzoyl-protected -D-glucopyranosyl bromide 10 18) gave (À)-11 (Scheme 2). (À)-11 and y To whom correspondence should be addressed. Tel/Fax: +81-22-795-6553; E-mail: ueda@mail.tains.tohoku.ac.jp
Biosci. Biotechnol. Biochem., 72 (11), [2867] [2868] [2869] [2870] [2871] [2872] [2873] [2874] [2875] [2876] 2008 successive (À)-12 were obtained as a 20:1 stereoisomeric mixture regarding the -position of the ketone (asterisked in Scheme 2). The conditions for the glycosylation reaction were examined as shown in Table 2 . Surprisingly, the reactivity of the primary hydroxyl group in aglycon (À)-9 was very low, and normal Königs-Knorr conditions ( Table 2 , entry 1) gave only a 19% yield of glycosylated product (À)-11 with 58% of recovered aglycon (À)-9. We then added an excess amount of 10 at rt to give 35% of (À)-11 with 37% of recovered (À)-9. This result was due to the decomposition of 10 at rt. The highest yield was achieved when the addition of AgOTf was carried out at 10 C and then the temperature of the reaction mixture was gradually raised to rt (Table 2, entry 3) . Under these conditions, (À)-11 was obtained in an 85% yield without the recovery of unreacted (À)-9. All protective groups in (À)-11 were then successively deprotected in high yields to give LCF 1. No epimerization was apparent by treating with NaOMe, but hydrolysis by KOH gave a 1:20 mixture of the cis-13 and trans-1 isomers. This ratio of cis-13 and trans-1 is equal to the natural abundance of 1 isolated from nature, 10) so this mixture was used as synthetic 1 in the subsequent bioassay. All physical data for synthetic 1 were in full agreement with those of isolated natural 1. We completed this concise synthesis of optically pure (À)-1 in 9 steps from (+)-2 with a total yield of 58%.
Similarly, 14, an enantiomer of 1, was synthesized from (+)-9 and benzoyl-protected -D-glucopyranosyl bromide 15 18) (Scheme 3). Additionally, galactoside 19 was also synthesized from (À)-9 and benzoyl-protected -D-galactopyranosyl bromide 16 19) (Scheme 4). Epi-LCF 13 was separated from 1, which was a 1:20 mixture of cis-13 and trans-1 isomers by using HPLC (Scheme 4). This route enabled a large-scale supply of 1 and its analogs for bioorganic studies of nyctinasty.
The resulting synthetic analogs were tested in a bioassay using a leaf of Albizzia saman. All analogs were converted into their potassium salt before being used in this bioassay. The results of SAR studies are summarized in Table 3 . Comparing the bioactivity of both enantiomers, only the solution of 1 (5 Â 10
made the leaves close, even in the daytime. Enantiomer 14 showed no leaf-closing activity, even at 1 Â 10
Clear difference was observed between a pair of enantiomers. Epi-LCF 13 had no leaf-closing activity, although -D-galactopyranoside 19 showed leaf-closing activity as strong as that of 1. Together with the result that optically pure aglycons (À)-20 and (+)-20 (Scheme 5) had no leaf-closing activity (Table 3) , it was revealed that an aglycon moiety of LCF 1 would be important for the leaf-closing activity, whereas a sugar moiety could be modified with the retention of bioactivity. Additionally, potassium jasmonate (21) 12) was also revealed to have no leaf-closing activity at 5 Â 10 À4 M. However, leaves treated with 21 were open even at night and turned yellowish, which can be attributed to the senescence activity of methyl jasmonate. 20) On the other hand, optically pure enantiomer 22 21) had no leaf-closing activity. These SAR results will be important for the design of molecular probes based on the structure of 1.
Our SAR study also revealed the important result of the bioactivity of 1. It is well known that the genuine bioactive form of such jasmonate derivatives as tuberonic acid glucoside 13, 22, 23) epi-tuberonic acid, 24) and epi-jasmonate 21) is cis. The cis-forms have been reported to have stronger bioactivity than the trans-congeners in such assays as tuber forming, root growth, and plant response to wounding. 25) However, all of these cisisomers were biologically inactive in the leaf-closing bioassay when using A. saman. It should be emphasized that completely opposite bioactivity was observed between 21 and 1 against the leaves of A. saman. It is of importance that the bioactivity of 21 was completely reversed by the addition of a hydrophilic terminal glucoside. These results strongly suggest that the mechanism for the leaf-closing activity of 1 would be different from that of methyl jasmonate, and also suggest the involvement of a different kind of target protein which recognizes the trans-isomer of jasmonate derivative 1. (+)-Methyl (1R,2R,3S)-3-tert-butyldimethylsilyloxy-2-(formylmethyl)cyclopentaneacetate ((+)-4). To a solution of (+)-3 (1.58 g, 4.64 mmol) in anhydrous CH 2 Cl 2 (40 ml) and anhydrous MeOH (40 ml) was bubbled ozone at À78 C until (+)-3 had disappeared by a TLC analysis. The excess amount of ozone was removed by argon gas, and then Me 2 S (2 ml) was added dropwise at rt. The mixture was stirred for 19 h and concentrated in vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 20/1-5/1) to afford (+)-4 (1.32 g, 4.20 mmol, 90%) as a colorless oil. 
Experimental
To a mixture of 3-tetrahydropyranyloxypropyltriphenylphosphonium bromide (5) 26) (3.01 g, 6.20 mmol) and 18-crown-6 (1.63 g, 6.21 mmol) in anhydrous THF (40 ml) was slowly added KHMDS (12.2 ml, 6.10 mmol as a 0.5 M solution in toluene) at 0 C under an argon atmosphere. The mixture was stirred for 10 min at rt to form a phosphonium ylide. To a solution of (+)-4 (390 mg, 1.24 mmol) in anhydrous THF (12 ml) was slowly added the supernatant solution of this ylide at À78 C over 1.2 h through a dropping funnel. The mixture was allowed to warm to rt and stirred for 11 h. To the mixture was added satd. NH 4 Cl aq., before it was extracted twice with EtOAc, washed with brine, dried over Na 2 SO 4 , and concentrated in vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 20/1-10/1) to afford (+)-6 (diastereomeric mixture, 503 mg, 1.14 mmol, 92%) as a colorless oil. 
. To a suspension of (+)-6 (157 mg, 0.356 mmol) and MS5 Å (190 mg) in anhydrous THF (3.6 ml) was added TBAF (3.6 ml, 3.6 mmol as a 1.0 M solution in THF) under an argon atmosphere. The mixture was stirred for 23.5 h, filtered through a pad of Celite, diluted with H 2 O and extracted with EtOAc. The extract was washed with brine, dried over Na 2 SO 4 and concentrated in vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 9/1-1/1) to afford (+) 
To a solution of (+)-7 (193 mg, 0.591 mmol) and pyr. (285 ml, 3.55 mmol) in anhydrous CH 2 Cl 2 (10 ml) was added DMP (1.003 g, 2.37 mmol) at 0 C under an argon atmosphere. The solution was stirred at rt for 10 h. The mixture was filtered through Hyflo Super-Cel Ò , diluted with 15% Na 2 S 2 O 3 aq. and extracted with EtOAc. The extract was washed three times with brine, dried over Na 2 SO 4 and concentrated in vacuo. The residue was purified by silica gel column chromatography (nhexane/EtOAc = 3/1) to afford (À)-8 (diastereomeric mixture, 180 mg, 0.555 mmol, 94%) as a colorless oil. (À)-Methyl (1S,2S,3R)-3-tert-butyldimethylsilyloxy-2-(formylmethyl)cyclopentaneacetate ((À)-4). To a solution of (À)-3 (628 g, 1.84 mmol) in anhydrous CH 2 Cl 2 (15 ml) and anhydrous MeOH (15 ml) was bubbled ozone at À78 C until (À)-3 had disappeared by a TLC analysis. The excess amount of ozone was removed by argon gas, and Me 2 S (0.24 ml) was then added dropwise at rt. The mixture was stirred for 18 h and concentrated in vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 15/1-5/1) to afford (À)-4 (579 mg, 1.84 mmol, quant.) as a colorless oil.
1 H-NMR (300 MHz, CDCl À)-6) . To a mixture of 3-tetrahydropyranyloxypropyltriphenylphosphonium bromide (5) (5.15 g, 10.6 mmol) and 18-crown-6 (2.80 g, 10.7 mmol) in anhydrous THF (65 ml) was slowly added KHMDS (20.9 ml, 10.5 mmol as a 0.5 M solution in toluene) at 0 C under an argon atmosphere. The mixture was stirred for 10 min at rt to form a phosphonium ylide. To a solution of (À)-4 (671 mg, 2.13 mmol) in anhydrous THF (20 ml) was slowly added the supernatant solution of this ylide at À78 C over 1.25 h through a dropping funnel. The mixture was allowed to warm to rt and stirred for 10 h. To the mixture was added satd. NH 4 Cl aq., and the mixture was extracted twice with EtOAc, washed with brine, dried over Na 2 SO 4 , and concentrated in vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 15/1-10/1) to afford (À)-6 (diastereomeric mixture, 895 mg, 2.03 mmol, 95%) as a colorless oil. 
. To a suspension of (À)-6 (250 mg, 0.567 mmol) and MS4 Å (550 mg) in anhydrous THF (5 ml) was added TBAF (1.4 ml, 1.4 mmol as a 1.0 M solution in THF) under an argon atmosphere. The mixture was stirred for 3.5 h, filtered through a pad of Celite, diluted with satd. NH 4 Cl aq. and extracted with EtOAc. The extract was washed with brine, dried over Na 2 SO 4 and concentrated in vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 4/1) to afford (À)-7 (diastereomeric mixture, 178 mg, 0.545 mmol, 96%) as a colorless oil. 
To a solution of (À)-7 (104 mg, 0.319 mmol) and pyridine (154 ml, 1.91 mmol) in anhydrous CH 2 Cl 2 (9 ml) was added DMP (541 mg, 1.27 mmol) at 0 C under an argon atmosphere. The solution was stirred at rt for 12 h. The mixture was filtered through Hyflo Super-Cel Ò , diluted with 15% Na 2 S 2 O 3 aq. and extracted with EtOAc. The extract was washed three times with brine, dried over Na 2 SO 4 and concentrated in vacuo. The residue was purified by silica gel column chromatography (nhexane/EtOAc = 3/1) to afford (+)-8 (diastereomeric mixture, 98 mg, 0.302 mmol, 95%) as a colorless oil. C under an argon atmosphere. After stirring for 1 h at rt, the mixture was diluted with satd. NaHCO 3 aq., extracted with EtOAc, washed with brine, dried over Na 2 SO 4 and concentrated in vacuo. The residue was purified by silica gel column chromatography (nhexane/EtOAc = 2/1) to afford (+)-9 (7 mg, 29.1 mmol, 87%) as a colorless oil. 
To a solution of (À)-9 (45 mg, 187 mmol), 10 (247 mg, 375 mmol) and dried molecular sieves 4 Å in anhydrous CH 2 Cl 2 (2.6 ml) was slowly added AgOTf (96 mg, 375 mmol) in toluene (2.5 ml) at 10 C under an argon atmosphere in the dark. The reaction mixture was stirred for 3.5 h at rt. The reaction mixture was then diluted with CHCl 3 and filtered through a pad of Celite. The filtrate was successively washed with brine and satd. NaHCO 3 aq. The organic layer was dried over Na 2 SO 4 , and concentrated in vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 10/1-2/1) and preparative TLC (silica gel F 254 , n-hexane/EtOAc = 1/1) to afford (À)-11 (130 mg, 159 mmol, 85%) as a white crystal. 
To a solution of (À)-11 (102 mg, 0.125 mmol) in MeOH (9 ml) was added NaOMe (27 mg, 0.505 mmol) at 0 C under an argon atmosphere. The solution was stirred at rt for 4 h, and then the reaction mixture was neutralized with 1 M HCl aq. and concentrated in vacuo. The residue was purified by silica gel column chromatography (CHCl 3 /MeOH = 6/1) to afford (À)-12 (48 mg, 0.119 mmol, 96%) as a colorless viscous oil.
. To a solution of (À)-12 (14.6 mg, 36.3 mmol) in MeOH (2 ml) and H 2 O (1 ml) was added 1 M KOH aq. (54 ml, 54.4 mmol). The solution was refluxed for 3 h at 90 C, and then the reaction mixture was neutralized with 1 M HCl aq. and concen-trated in vacuo. The residue was purified by ODS TLC (RP-18, H 2 O/MeOH = 3/2) to afford 1 containing 5% of its 7-epi-isomer (13) (14.1 mg, 36.3 mmol, quant.) as a colorless viscous oil. ½ D 20 À53:5 (c 0.5, MeOH).
0 -enyl}-3-oxo-cyclopentaneacetic acid (-D-glucopyranosyl 12-hydroxyjasmonate, 13). A 20:1 mixture of 1 and 13 (3.6 mg) was separated by HPLC, using a Cosmosil 5C18AR column (20 Â 250 mm, Nacalai Tesque Co.) with 7% MeCNaq. containing 0.1% CH 3 COONH 4 , and then desalting in the Cosmosil 5C18AR column with MeOH-H 2 O (2:98, 50:50) to give -D-glucopyranosyl 12-hydroxy-7-epi-jasmonic acid (purity > 90%, ca. 0.4 mg). In the course of concentration in vacuo, separated 13 was gradually epimerized to give a mixture of 13 and 1 (ca. 9:1). The purity of 13 was estimated from its 1 H-NMR spectrum.
To a solution of (+)-9 (36.6 mg, 152 mmol), 15 (201 mg, 305 mmol) and dried molecular sieves 4 Å in anhydrous CH 2 Cl 2 (2.0 ml) was slowly added AgOTf (78 mg, 305 mmol) in toluene (2.0 ml) at 10 C under an argon atmosphere in the dark. The reaction mixture was stirred for 22 h at rt. The reaction mixture was then diluted with CHCl 3 and filtered through a pad of Celite. The filtrate was successively washed with brine and satd. NaHCO 3 aq. The organic layer was dried over Na 2 SO 4 and concentrated in vacuo. The residue was purified by silica gel column chromatography (n-hexane/ EtOAc = 10/1-2/1) and preparative TLC (silica gel F 254 , n-hexane/EtOAc = 2/1) to afford (+)-11 (89.1 mg, 109 mmol, 72%) as a white crystal. (17) . To a solution of (À)-9 (26.7 mg, 0.111 mmol), 16 (128.3 mg, 0.239 mmol) and MS4 Å (270 mg) in anhydrous CH 2 Cl 2 (1.0 ml) was slowly added AgOTf (63.8 mg, 0.248 mmol) in anhydrous toluene (1.0 ml) at 10 C, and the mixture was then stirred at room temperature for 18 h under an argon atmosphere in the dark. The reaction mixture was diluted with EtOAc and filtered through a pad of Celite. The filtrate was washed with water and brine. The organic layer was dried over Na 2 SO 4 , and concentrated in vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 2:1) and preparative TLC ( (18) . To a solution of 17 (67.0 mg, 96.1 mmol) in MeOH (1.0 ml) was added NaOMe (25.8 mg, 0.478 mmol) at 0 C, and the mixture was stirred for 4 h at rt under an argon atmosphere. The reaction mixture was then diluted with MeOH and neutralized with Amberlite IR120B. After filtration, the filtrate was concentrated in vacuo. The residue was purified by ODS TLC (RP-18, H 2 O/MeOH = 3:2) to afford 18 (28.0 mg, 69.6 mmol, 72%) as a colorless viscous oil. (1R,2R,2 0 Z)-2-{5 0 -(-D-Galactopyranosyloxy)-pent-2 0 -enyl}-3-oxo-cyclopentaneacetic acid (19) . Glycoside 18 (15.0 mg, 37.3 mmol) in MeOH/H 2 O = 3:1 (400 ml) was refluxed with 1 M KOH (56 ml) aq. for 2 h at 90 C. After being cooled to room temperature, the mixture was diluted with MeOH and neutralized with Amberlite IR120B. After filtration, the mixture was concentrated in vacuo. The residue was purified by HPLC in a COSMOSIL 5C 18 -AR column (20:0 Â 25:0 mm, 15% MeCN aq.) to afford 19 (11.9 mg, 30.6 mmol, 82%) as a colorless viscous oil. C in the nighttime. Young leaves of A. saman were used for the bioassay. The young leaves were detached from the stem of A. saman with a sharp razor blade in water at around 4:00 p.m. One leaf was placed in H 2 O (ca. 300 ml) in a 20-ml glass vial and allowed to stand overnight. The leaves which opened again in the morning were used for the bioassay. Each test solution was carefully poured into a test tube with a micropipette at around 10:00 am. The leaves immersed in the sample solution were put into a bell funnel, and decompressed by an aspirator. The sample solution was then pumped up through the vessel under reduced pressure. The bioactive fraction made the leaves close, even in the daytime.
